Introduction
T he identification of the pigments on works of art and archaeological materials is fundamental to furthering our understanding of an object's history or an artist's technique, solving certain conservation and restoration problems and providing evidence for the dating and attribution of artefacts. Many analytical techniques have been employed over recent years to achieve such aims.These include those which detect the elements present, such as scanning electron microscopy with energy dispersive X-ray analysis (SEM-EDX), X-ray fluorescence (XRF) and particle-induced X-ray or γ-ray emission (PIXE/PIGE) analysis, laserinduced breakdown spectroscopy (LIBS), and those which identify the compound present, such as infrared spectroscopy, Raman microscopy, X-ray diffraction (XRD) and polarized light microscopy (PLM).
Of these techniques, Raman microscopy may be considered as the single most effective tool in pigment identification, as it is non-destructive, non-invasive and can be used in situ on an object.All of these features are often essential when having to consider the ethical problems associated with conservation and restoration of objects such as manuscripts. Raman microscopy also has the advantages of high reproducibility, high sensitivity, high spatial resolution (≤1 µm) and high spectral resolution (≤1 cm -1 ).These features allow the different components of pigment mixtures to be determined readily.The portability of certain Raman instruments which retain most of these features has enabled the technique to become even more important, the instrument being moved to the object rather than vice versa.
Here we will introduce the science on which Raman microscopy is based, the instrumentation currently in use, and recent applications of the technique to solving problems in the artworld.
Other reviews of the application of Raman spectroscopy to the artworld are also available (for example, see Clark 2005; Clark 2002; Smith & Clark 2001 ).
The Raman Effect
Raman spectroscopy is an experimental technique which measures the change in energy of light scattered by a sample.The details of the technique will be treated briefly here and readers are referred to more in-depth explanations found in the wider literature such as Hendra et al. (1991) , Turrell & Corset (1996) and Long (2002) .
In brief, Raman spectroscopy involves illuminating a sample with a monochromatic beam of light (which is described as having frequency v 0 and photon energy E). Most of the incident light, consisting of a stream of photons, is scattered by elastic collisions with the sample molecules, no change in energy being involved (known as Rayleigh scattering).
However, a very small percentage of the incident photons (<<1%) is scattered inelastically, i.e. the incident photons gain or lose a small amount of energy, e, by interaction with the sample.This type of scattering is named Raman scattering after C.V.
Raman, who discovered the weak effect during his research on molecular light scattering (Raman & Krishnan 1928) . Almost simultaneously, Landsberg and Mandelstam independently reported the same effect in quartz (Landsberg & Mandelstam 1928 (Porto et al. 1966; White 1974). infocus it is by Raman spectroscopy that one is enabled to measure the energy (E-e or E+e) of these inelastically scattered photons.
Each material is composed of a set of atoms bound together in a specific way which distinguishes it from any other material. The atoms in a material vibrate about their equilibrium positions in a number of particular ways at frequencies which are related to the masses of the constituent atoms and to the geometry and the strengths of the (Bell et al. 1997; ), enamel and glazing pigments (Colomban et al. 2001) , modern synthetic pigments (Vandenabeele et al. 2000a) , modern inks (Claybourn & Ansell 2000) , gums, waxes, varnishes, resins and other binders of historical and archaeological importance Edwards et al., , 1996 Edwards & Falk 1997; Vandenabeele et al. 2000b) , minerals (Griffith 1987; Coleyshaw et al. 1994; de Faria et al. 1997 ) and plant fibres (Edwards et al. 1997a) .
Modern instrumentation for Raman spectroscopy
As already mentioned, Raman scattering is a very weak phenomenon which requires an intense monochromatic light source to generate a readily detectable effect. Historically, mercury arc lamps were used to provide a relatively intense light source, although they were a slow and inefficient method of generating Raman scattering. In the 1960's the newly discovered laser was first applied 
Advantages and limitations of Raman spectroscopy
The advantages of Raman spectroscopy in the characterisation of pigments are that it is a nondestructive, non-invasive technique in which the sample or object is not harmed during the analysis; Masson, Clark, 2002 (Duval 1992) ; or between litharge and massicot, both forms of lead oxide, PbO (Bell et al. 1997 ).
Fig. 3. Remote probe head used to deliver the laser beam onto the surface of an object which cannot be accommodated under the microscope; the probe is held on a specially constructed support which includes a book cradle. (Reproduced with permission, Elsevier
Raman microscopy enables the user to target very small sample areas (<1 µm 2 ), with high spatial (≤ 1 µm) and high spectral resolution (< 1 cm -1 ), whilst remote probes provide non-destructive access to inhomogeneous and complex objects commonly encountered in museums, galleries and restoration studios. Further, the designed portability of many of the modern instruments means that the equipment can be taken to the object rather than vice versa (Best et al. 1992 
Application of Raman Spectroscopy to the Characterisation of Pigments
The 
Manuscripts
The palette of a wide range of manuscripts has been established in large part by the use of Raman spectroscopy. In terms of Western manuscripts, various published studies on pigments include those found on the Lindisfarne Gospels (Brown & Clark 2004a ) and other Anglo-Saxon manuscripts (Brown & Clark 2004b ), a 13th Century Paris Bible (Best et al. 1993 ), a 13th Century north Italian antiphonal (Clark 1995) , selected mediaeval manuscripts (Burgio et al. 1997; Vandenabeele et al. 1999; Bicchieri et al. 2000) , Flora Danica ), a 14th Century Icelandic Book of Law (Best et al. 1995) , the Vinland Map (Brown & Clark 2002) , and recently on seven Gutenberg Bibles (Chaplin et al. 2005) . The last study allowed the illuminations on the King George (III) Gutenberg Bible held at the British Library to be examined in situ, and the palette established as consisting of:
vermilion (or its mineral equivalent, cinnabar), a red infocus lake, azurite, malachite, verdigris, lead tin yellow (type I), chalk, lead white, carbon-based black and gold leaf.
Technical examinations using Raman spectroscopy on a wide selection of Eastern manuscripts have also been published, including those on ancient Egyptian papyri (Burgio & Clark 2000) , ancient
Chinese manuscripts Bell et al. 2000) , a c.13th Century Qur'an (Clark & Huxley 1996) knowledge of which will be used to govern conservation treatments (Chaplin et al. 2006 ).
Raman spectroscopy has been used to solve conservation and restoration problems on manuscripts. For example, the observation of widespread pigment darkening on an important lectionary was considered to arise from the degradation of lead white into black lead(II) sulphide , 1998b by hydrogen sulphide or other sulphur-bearing species. The latter may have been generated by atmospheric pollution or bacterial activity involving the breakdown of adjacent pigments and/or binding media.
The black degradation product was confirmed to be lead(II) sulphide by Raman microscopy on the highlights (originally lead white) of a now blackened German (1585) watercolour, the Jamnitzer Manuscript (Smith et al. 2002, Figure 6 ).
Paintings
Raman spectroscopy is now in regular use for the identification of pigments used on paintings and its use in analysing fine art objects has been discussed by Davey et al. (1993) and elsewhere (Clark 2005) .
Fig. 4. Folio 27b-28a ('Circular World Map') from The Book of Curiosities of the Sciences and Marvels for the Eyes, examined using Raman spectroscopy (Chaplin et al. 2006; image reproduced by permission of the Bodleian Library, University of Oxford).
With prices of fine art realising up to £48 million at auction, the provision of spectroscopic data consistent with authenticity is of paramount importance. Pigment analysis can be used to check that no materials of inappropriate dates of first manufacture or usage are present. Recently, Raman microscopy has been used as part of the study to examine the "Trionfo d'Amore" attributed to
Botticelli (Andalò et al. 2001) Chaplin et al. 2006 et al. 1998, 1999, 2000) and Spain (Hernanz et al.
2006).

Frescoes
The .
Biological-induced deterioration of frescoes has also been investigated with this technique (e.g. Edwards et al. 1997b ).
Philatelic materials
Raman microscopy has also recently been applied to the analysis of pigments used on stamps. With the rarest of these objects being valued at up to £1 Figure 7 ) and the first Mauritian stamps (1847) have been identified as Prussian blue, with ultramarine blue optical brighteners in the paper, and have allowed these stamps to be distinguished from later reproductions and forgeries (Chaplin et al. 2002 (Chaplin et al. , 2004 
